The synthesis and characterization of four organometallic gold(I) complexes containing different water soluble phosphanes (TPPTS, PTA and DAPTA) and chromophoric units Biological activity of the complexes showed very low effects against tumor cell growth but an inhibitory potency against thioredoxin reductase (TrxR). The missing / low cytotoxic effects could be related to a low bioavailability as determined by atomic absorption spectroscopy.
Introduction
Gold based compounds form a new family of cytotoxic agents of great interest as metallodrugs and the lead compound auranofin is currently undergoing clinical trials in the US as an anticancer agent. Nevertheless, the precise mechanisms of antitumor activity of gold compounds have not been completely understood yet. 1, 2 The mechanistic studies show that in general DNA is not the main target 3 and the selenoenzyme thioredoxin reductase, a putative and now partially validated main target for many cytotoxic gold compounds, [4] [5] [6] [7] [8] [9] [10] although other mechanisms besides TrxR inhibition might contribute to the biological profile (e.g., interactions with Gquadruplexes). [11] [12] [13] [14] In particular, gold-phosphine compounds were investigated after the antiarthritic drug auranofin (thiolate-Au-PEt 3 complex) and were found to present biological activity against different cancer cells. A series of auranofin analogues containing thiolate ligands were prepared, as well as bis(phosphine)Au(I), phosphanegold-halides and phosphine-gold-alkynyl complexes. 15 Solubility is always an issue for drug administration, which is a limit that many potential anticancer metal complexes have to overcome. Flanking the phosphine with an appropriate co-ligand yields active complexes and both the steric and electronic properties appear to be important in the design of effective gold complexes. 16 The resulting solubility could be also tuned. It was also observed that the presence of a direct metal-carbon bond in Au(I) and Au(III) complexes appears to be rather beneficial for their stability and speciation in aqueous solutions. For this, various organometallic gold complexes were synthesized in which the presence of a direct carbon-gold bond greatly stabilizes the gold oxidation state and guarantees more controlled chemical speciation in biological systems. 17 Among organometallic gold(I) complexes, recent initial reports on the bioactivity of alkynyl gold complexes indicate that this type of complexes offers opportunities for the development of new chemotherapeutics against cancer and infectious diseases. Despite their potential, only very few studies on the biological potential of alkynyl gold complexes have been reported so far. [18] [19] [20] [21] [22] [23] Moreover, gold alkynyl complexes are wellknown to display interesting luminescent properties that have been an interesting tool within the biological point of view among others. 24 Of note, gold(I) alkynyl derivatives containing the water-soluble 1,3,5-triaza-7-phosphaadamantane (PTA) and 3,7-diacetyl-1,3,7-triaza-5-phosphabicyclo[3.3.1]-nonane (DAPTA) phosphane ligands are cytotoxic in cancer cells and their cellular uptake was confirmed by fluorescence microscopy using the luminescent properties of these organometallics. 18 These phosphanes are particularly appealing due to their solubility in water that increases the global solubility of the complexes in this medium.
Recently, we reported on the luminescence and biological properties of a series of Au(I) alkynyl complexes containing the water soluble phosphanes PTA and DAPTA and a strong inhibition of the TrxR enzyme was observed. 23 Their observed gel formation in water could be also considered to investigate as a possible effect to affect the drug transfer through the cell membrane. [25] [26] [27] Following the previous studies, we have designed new water soluble complexes with some differences on their chemical 
Physical measurements
Infrared spectra were recorded on a FT-IR 520 Nicolet Spectrophotometer. 1 H-NMR (δ(TMS) = 0.0 ppm), 31 P{ 1 H}-NMR (δ(85% H 3 PO 4 ) = 0.0 ppm) spectra were obtained on a Varian Mercury 400, Bruker 400 and Bruker DMX 500. ESI spectra were recorded on a Fisons VG Quatro spectrometer. Absorption spectra were carried out on a Varian
Cary 100 Bio UV-spectrophotometer and emission spectra on a Horiba-Jobin-Ybon SPEX Nanolog spectrofluorimeter. Emission quantum yields were measured at 298 K relative to quinine sulphate ( F = 0.54, H 2 SO 4 1N) for compound 1 and 7-methoxy-4-methylcoumarin as a reference ( F = 0.124, methanol) for compounds 2-4, in water.
Optical microscopy was recorded on an Olympus BX51. Scanning electron microscopy was carried out a 5kV using a Neon40 Crossbeam Station (Zeiss) equipped with a field emission gun. A MALVERN Zetasizer Nano S operating at 173° scattering angle and 25 °C was used to perform the dynamic light scattering (DLS) measurements.
HR-CS AAS measurements
A contrAA© 700 high-resolution continuum source atomic absorption spectrometer (Analytik Jena AG) was used for the gold quantification in cell lysates. Gold was measured at a wavelength of 242.7950 nm. Samples were injected at a volume of 20 µl into coated standard graphite tubes AnalytikJena AG). Calibration was done in a matrix matched manner and pure samples of the gold complexes were used to prepare the standard solutions. The mean integrated absorbances (AUC = area under the curve) of triple injections were used throughout the study.
TrxR inhibitory effects
To determine the inhibition of TrxR an established microplate reader based assay was performed with minor modifications. 32 For this purpose commercially available thioredoxin reductase from rat liver (Sigma-Aldrich) was used and diluted with distilled 
Cellular uptake
For cellular uptake studies cells were grown until at least 70 % confluency in 25 cm 2 cell culture flasks. Stock solutions of the compounds in DMF were freshly prepared and diluted with cell culture medium to the desired concentration of 10 and 50 µM. The cell culture medium of the cell culture flasks was replaced with 3 ml of the cell culture medium containing the gold compound and the flasks were incubated at 37 °C / 5 % CO 2 for 6 h. Subsequent to the incubation period the culture medium was removed and cells were washed with 3 ml PBS. Cells were resuspended in 3 mL PBS by using a cell scratcher and cell pellets were isolated by centrifugation (RT, 3323 g, 5 min). Cellular lysates were prepared by resuspending an isolated cell pellet in 300 µl demineralized water followed by ultrasonication. An aliquot was removed for the purpose of protein quantification by the method of Bradford. The metal content of the samples was determined by high-resolution continuum source atomic absorption spectrometry (HR-CS AAS, see above). To avoid matrix effects matrix-matched calibration was used for gold quantification in the samples. To 20 µl of all injected probes and standards each 2 µl Triton X100 (1 %) were added. Results were calculated from the data of 2-3 independent experiments and are expressed as the cellular molar gold concentration (µM), which was determined as described in a previous report. 
Synthesis of [Au{6,7-bis(prop-2-in-1-yloxy)-1-benzopyran-2-one}(PTA) 2 ] (3)
Solid KOH (27 mg, 0.48 mmol) was added to a mixture of 6,7-bis(prop-2-in-1-yloxy)- 
Results and Discussion

Synthesis and Characterization
Synthesis of mononuclear gold(I) derivatives.
In 
25,26
The detailed analysis of the NMR data made us to realise that some kind of aggregates must be present in 1. In this case, pyridyl protons could only be observed by 1 H-NMR recorded in D 2 O at diluted concentrations and these signals were broad and trended to disappear when increasing concentration (Figure 1 ). 31 P-NMR spectrum was also in agreement with the formation of aggregates and displayed two broad peaks with similar chemical environment that become broader when increasing concentration ( Figure S3 ).
The formation of these large supramolecular structures was also verified by optical and electronic microscopy (see below). 
Synthesis of dinuclear gold(I) derivatives.
New dinuclear complexes were designed and synthesized in order to analyse how the presence of two metal atoms could affect on their photophysical and aggregation properties and / or could present a cooperative effect on their biological activity. The synthesis of the 6,7-bis(prop-2-in-1-yloxy)-1-benzopyran-2-one (PC67) was undertaken following the procedure used for the related compounds containing only one prop-2-in-1-yloxy groups (Scheme S1). 23 
Dynamic Light Scattering experiments
The presence of aggregates in solution was also evidenced by Dynamic Light Scattering (DLS) experiments in water, in agreement with NMR data. Different concentrations were used in each case depending on the solubility of the complexes in this solvent and are in the range 1·10 -3 M to 1·10 -5 M. The results are summarized in Table 1 and Figures S8-S11. As expected, the size of the structures increases with concentration. This behaviour seems to be maintained in dried samples as observed by optical and electronic microscopy images (see below). 
Characterization by Optical and Electronic Microscopy.Optical and Scanning
Electronic Microscopy have been used to detect the presence of some aggregates in other analogous Au(I) alkynyl derivatives in water and their corresponding sizes and shapes. 25, 26, 35 For this reason, dried samples of 1-4 were deposited adequately to be observed under optical microscopy and SEM (Figure 2) . Unfortunately, the small aggregates of 2 preclude their detection by these techniques. Moreover, the presence of two Au-phosphane groups has also a direct influence on the resulting assemblies, since long fibers were very recently observed for the mononuclear 
Absorption and Emission properties.
The photophysical characterization of Au(I) alkynyl complexes is a denoted research field in gold(I) organometallic chemistry since this property can be used for a wide range of different applications. 24 For this reason, absorption and emission spectra of all complexes were recorded at ca. 10 -5 M concentration and the results are summarized in Table 2 . As we were also interested on their potential biological evaluation, these measurements were carried out in water. The absorption, emission and excitation spectra displayed for all complexes resemble those of the relative mononuclear complexes containing the PTA and DAPTA phosphanes. 23 Hence, their photophysical properties are expected to be dependent on the nature of the chromophoric organic part of the molecules. excit (2) excit (3) excit (4) em (2) em (3) em (4) Total luminescence quantum yields were measured related to quinine sulphate or 7-methoxy-4-methylcoumarin and demonstrate that coumarin derivatives present stronger luminescent than complex 1, containing pyridyl unit. Especially relevant is the high value measured for 2 that makes it suitable candidate to be used as fluorescent marker in cells (see below).
Biological studies
The biological evaluation was focused on determining the effects against tumor cell growth in HT-29 colon carcinoma and MDA-MB-231 breast cancer (Table 3) , the inhibitory potency against the enzyme thioredoxin reductase and the cellular uptake into MDA-MB-231 cancer cells. With the exception of a moderate cytotoxic effect of 3 against MDA-MB-231 cells, the complexes did not trigger significant cell growth inhibitory effects. This may be related to the above described aggregation effects that had hampered the biological assays concerning solubility in aqueous environment at higher dosages.
[Au(PC7 )(TPPS)] [Au(py)( TPPS)]
In order to clarify the bioavailability of the complexes under cell culture conditions we determined the cellular gold uptake by atomic absorption spectroscopy ( Figure 5 ). 34 The cellular uptake behaviour of a compound is strongly influenced by its lipophilicity. A rather lipophilic neutral complex can easily penetrate the cell membranes by passive diffusion. Complexes 1 and 2 are charged species but also lipophilic. The highest intracellular gold levels could be observed for 1 indicating that the pyridylethynyl unit is more beneficial for cell membrane penetration than the propargyloxycoumarin moiety which is present in the complexes 2-4. However, in comparison with previous results the levels obtained with 1 are comparably low despite the rather high exposure concentrations of 10 and 50 µM. 20, 33, 37 Cellular gold levels for 2-4 were barely detectable. Taken together, this indicates that low bioavailability is the main reason for the missing (low) cytotoxicity of the complexes under study. The relevant role of the presence of two metal atoms of 3 and 4 should be highlighted in comparison with previous studies carried out with mononuclear PTA and DAPTA phosphines containing the same chromophoric unit. 23 The very low biological activity of the complexes herein reported demonstrates the direct effect of the presence of two Au-phosphine units in the chemical structure of 3 and 4 in the studied processes with a significant decrease on the IC 50 values and TrxR inhibition.
Conclusions
The synthesis of new organometallic gold(I) derivatives containing an alkynyl unit with a pyridyl or propargyloxycoumarin chromophore and water soluble phosphanes at second coordinative position of the metal atom has given rise to the formation of water soluble complexes. Characterization by NMR and microscopy show the formation of well organized aggregates in water.
The analysis of their photophysical properties shows that the species display emission from the chromophoric unit in all cases. Moreover, the presence of the gold heavy atom induces the population of the triplet state and hence, phosphorescence emission. This intersystem crossing is more favoured for the dinuclear complexes (two heavy atoms in the molecule).
The biological screening showed low / missing cytotoxic effects. This is most likely related to the low bioavailability as evidenced by measuring the cellular gold levels using atomic absorption spectroscopy. On the other hand, comparison with previous data obtained for analogous mononuclear complexes containing PTA or DAPTA phosphines 23 indicated that structure activity relationships regarding the potential cytotoxic activity could be related to the energy for Au-P bond dissociation. The higher measured IC 50 values could be directly related to the more difficult process to cleavage the Au-P bond and the involvement of this step in the biological activity. In the case of complexes 1 and 2, the presence of the anionic phosphine TPPTS increases the electron density of the Au-P. In the case of 3 and 4, the presence of two phosphine-Au-alkynyl arms coordinated to the coumarin chromophore (instead of one in Au{7-(prop-2-in-1- The luminescent properties of our complexes together with their lack of cytotoxicity make them important candidates to be used as fluorescent markers, mainly complex 2.
